The vapour-pressure curve o f liquid helium below 1-6° K has been determined using the susceptibility o f various paramagnetic salts as the thermometer. It is found that the results agree w ith the theoretical curve recently calculated by Bleaney and Simon to within the experim ental error of 0-004° down to 1° K , and differ from the 'scale 1937' o f Schm idt and Keesom, e.g. by 0-03° at 1° K .
Introduction
The history of the experimental determination of the vapour pressure of helium has been outlined in a recent paper by Bleaney and Simon (1939) , where the thermodynamic relations between the vapour pressure and the other physical properties of liquid and gaseous helium are developed explicitly, and it is shown th a t the most recent measurements of vapour pressure (Schmidt and Keesom 1937, afterwards referred to as 'scale 1937') do not obey these relations below 1-6° K. Then, starting from these relations, a new scale was calculated, scale 1939, and the present paper records some experimental tests of this scale.
The Leiden measurements have been carried out with a constant-volume gas thermometer, for which the only available gas is helium itself, and the pressure in the gas thermometer m ust therefore be less th an the vapour pressure. A t the lowest temperatures this means the use of a pressure so small th a t its measurement is inherently difficult and involves several appreciable corrections. I t is desirable to find some other type of therm o meter th a t preserves its accuracy as the tem perature is lowered.
A t temperatures in the region below 1°K, attained by the method of adiabatic demagnetization of a paramagnetic salt, the simplest therm o metric property to measure is the susceptibility of the salt, and hence the 'magnetic therm om eter' has been developed. A tem perature scale ® has been defined by assuming th a t the susceptibility of a spherical sample (fol lowing K urti and Simon 1938) is inversely proportional to the tem perature, [ 74 ] according to Curie's law. As the thermometric sensitivity of a salt which obeys Curie's law is proportional to the inverse square of the tem perature, the magnetic thermometer is particularly suitable for use at low tem pera tures. I t is true th a t a t the lowest temperatures this Curie scale can no longer hold good: but with salts whose 'characteristic tem perature' is of the order of a few hundredths of a degree, the deviation is very small at 1 ° K and can be calculated as will be shown later.
The salts we used were manganese ammonium sulphate and potassium chrome alum. The latter has a volume susceptibility only one-third of the former, and its sensitivity as a thermometer is proportionately smaller; on the other hand, the deviations from Curie's law are much smaller and can be accurately calculated from the measurements of Casimir, de Haas and de Klerk (1939) and of one of us (Bleaney, unpublished) .
At 1°K a 1 % change in vapour pressure corresponds to a 0*1 % change in temperature; these were the accuracies aimed at in the measurement of pressure and temperature.
The apparatus
The apparatus resembled closely th a t commonly used in this laboratory for experiments with the magnetic method. A supply of liquid helium was obtained in a Simon expan sion liquefier, and below this was the experimental vessel consisting of a helium bath in which the paramagnetic sample was immersed. This vessel was made of glass to avoid supraconductive disturbances, and is shown in figure 1. Its temperature was controlled by pumping con tinuously through tube A , and the vapour pressure was measured through tube B, which dipped below the sur face of the bath. These tubes were connected to the metal liquefier by platinum-glass seals. Tube A had an internal diameter of 6 mm. with a 1 mm. constriction at the bot tom. The latter followed the procedure devised by Cooke and Hull (1939) for reducing the abnormal evaporation caused by the creeping film of H en , and thus attaining the lowest possible temperature. There is also, of course, a similar film in tube B, which means th at the tempera ture can never be as low as in experiments where there is only one tube in connexion with the bath. In fact 0-94° was reached when tube B had diameter 0-76 mm. and 1*0° when B had diameter 2-2 mm.
Vapour-pressure curve of liquid helium
liquid helium sample The sample of paramagnetic salt was of fine powder compressed to the shape of a 4:1 ellipsoid. It rested in an egg-shaped cup of glass sealed into the glass vessel. To insert the sample, the vessel shown in figure 1, at present in two halves, was turned upside down, the sample put in and then the glass seal made at the point G. The vessel was righted when cold and the sample slid into position. It could then be attached by the platinum tubes to the liquefier. This procedure, together with the length of the vessel, avoided any danger of decomposing the salt by heat.
The measurement temperature
The susceptibility of the sample was determined by measuring the mutual induction of two coils surrounding it. The primary coil was wound with extra turns at the ends so as to keep the magnetic field constant to 0-1 % over the volume of the sample. The mutual induction was measured by reversing a known current in the primary coil and observing the deflexion of a ballistic galvanometer in the circuit of the secondary coil. The deflexions were reduced to the equivalent deflexion corresponding to the reversal of a standard current in the primary coil. A correction, which was always less than 0-2 %, was applied for the difference between the tangent of the angle of deflexion (which was the measured quantity) and the angle itself.
The current in the primary coil is a measure of the magnetic field in the absence of the sample, which is not the same as the magnetic field experienced by the elementary dipoles, owing to the Lorentz and demagnetizing fields. It has been shown (see e.g. K urti and Simon 1938) th a t when allowance is made for this difference, Curie's law takes the form 1 oc k being the measured apparent volume susceptibility, where A is given by A = c (^7t -c -Curie constant per c.c. of compact crystal, and N demagnetizing factor. Although this expression gives the value of A for a compact crystal, it is also valid for the powder, as the degree of compression was so great th a t the sample density was within 1 % of the crystalline density.
A more accurate expression for the Lorentz field has been obtained by Van Vleck (1937) , which differs from Lorentz's expression by an amount only appreciable at the lowest temperatures. I t will be considered later, together with the effect of the crystalline splitting of the energy levels.
The measurement of pressure Pressures down to 3 mm. were measured on a precision mercury mano meter kindly lent by Dr Lambert of the Inorganic Chemistry Department, Oxford; the readings were consistent and accurate to w ithin 0*04 mm. For pressures below 3 mm. a McLeod gauge was constructed in which the lowest pressures obtained (0*1 mm. Hg) could be read with an accuracy of 1 %• At 3 mm. its readings were compared with those of the mercury manometer and agreement was obtained to within 1 %.
Corrections had to be made for two effects. First, the tubes between the helium bath and the manometers passed through several severe tem perature gradients from liquid-helium tem perature to room tem perature. A t the lowest pressures, therefore, a correction had to be applied for the therm omolecular pressure difference. This correction was negligible for tem perature gradients other than th a t between room tem perature and liquid-oxygen temperature, and was calculated for this gradient from the formula (V ila) of Weber and Schmidt (1936) . The correction amounted to 7 % a t 0-1 mm. Hg, and 1 % a t 0-3 mm. Hg; it was thus appreciable only below 1-1° K.
The second correction arises from the presence of the creeping film of liquid He 11 in tube B. The film evaporates a t a warmer p art of the tube a as the gas is not being pumped away, it m ust return to the bath (where it recondenses). This downward flow produces a small pressure difference which can be calculated from Poiseuille's law if one assumes the position where the evaporation is taking place in tube B. I f the appropriate length of tube is Zcm. of diameter a mm., the difference of the squares of the pressures (in mm. Hg) a t the point of evaporation (i.e. also a t the mano meters) and a t the bath is given by* A{p2) = 1-3 x 10~4 lT 2la?.
Making the plausible assumption th a t the film evaporates somewhere near the platinum glass seal, this formula gives for the tube first used ( = 0*76 mm.), A(p2) = 4 x 10~3 a t 1°K, equivalent to a 20 % correction to the measure ment of p. For the later experiments a 2*2 mm. tube was used, diminishing A(p2) by a factor 30 and making the correction negligible.
Vapour-pressure curve of liquid helium

The experiments
The 'magnetic therm om eter' was calibrated a t the boiling-points of oxygen, hydrogen and helium. The first of the calibration points was ob served after the apparatus had been cooled by immersion in liquid oxygen for some hours, helium exchange gas being present in the vacuum case and experimental chamber. In order th a t the coils of the m utual inductance might have the same resistance as during the rest of the experiment, it was necessary for them to be immersed in liquid hydrogen. The vacuum case and experimental chamber were therefore evacuated and the liquid oxygen surrounding the apparatus replaced by liquid hydrogen. This had the further advantage of avoiding any disturbance due to the paramagnetism of liquid oxygen. The heat flow to the sample was small, and its tem perature remained unchanged while the galvanometer deflexion was read. I t was only after this calibration point had been observed th a t the sample and the rest of the apparatus inside the vacuum case were cooled to the boiling-point of liquid hydrogen.
The liquid hydrogen in the Dewar vessel was a t atmospheric pressure, which was measured on a Fortin's barometer, and ample exchange gas was maintained in the vacuum case and experimental chamber to ensure th a t the sample was a t the actual tem perature of the liquid hydrogen. This temperature was obtained from the vapour-pressure curve of hydrogen, and the galvanometer deflexion read. The liquefaction of helium then proceeded as usual.
Liquid helium was transferred into the experimental chamber by con densation, and when sufficient had been obtained to ensure th a t the sample would remain covered throughout the measurements, the third calibration point was taken. To maintain a constant pressure in the helium bath it was connected to the atmosphere via a tube open under water. The w ater prevented the ingress of air which might solidify and block the tube in the cryostat. The pressure was read on the mercury manometer, and hence the temperature was obtained from Schmidt and Keesom's scale 1937.
The temperature of the helium bath was adjusted by varying the pumping speed; the time taken to reach equilibrium in the bath after adjustm ent of the speed was several minutes a t the higher temperatures, b u t quite rapid in the He n region. This is due to the enormously greater heat conductivity of He n . Temperature gradients in the bath in the He I region were avoided by never allowing the temperature to rise, so th a t the bath was always well stirred up by the action of pumping. 4 B. Bleaney and R. A. Hull
Results
Since the compensation of the magnetic thermometer was not accurately adjusted to zero, an additive constant was introduced into the equation connecting the galvanometer deflexion with the temperature. The deflexion observed on reversing the current in the prim ary was reduced to th a t deflexion 81} which would be produced by reversing a current of 1 amp. We ha ve then k = /p* _ ^ • The values of the constants ka nd a were obtained from th points.
To compare the experimental results with the vapour-pressure scale of Bleaney and Simon, it is most convenient to compare the tem perature given by the magnetic thermometer (T%) with th a t deduced from the vapour pressure using the scale 1939. The equation of the latter is 
Experiment 1
In the first experiment manganese ammonium sulphate was used for the sample, weight 4-46 g., in the form of a 4: 1 ellipsoid, for which the value of .1 is 0-066°. Calibration points were taken at the boiling-points of hydrogen and helium, the readings being: The results are shown in table 1. In the first column of the table is shown the measured value of already corrected for the tangent of the angle of deflexion of the light reflected from the galvanometer mirror. A further correction has also been applied, the necessity for which was discovered a t the end of the experiment. As a check after readings had been taken for 11 hr., the calibration points were observed again, and it was found that the values of ^ were lower by 0*10 cm. This change was traced to the slight heating of the mutual inductance used as compensator, which resulted in an increase of its value, th a t is, effectively to a numerical increase in the constant a. The effect of this increase was small at the lowest temperatures, amounting only to an error in T ® of 0*002° at 1°K. An accurate correction could therefore be made by interpolation.
The observed values of the vapour pressure are given in column 2, (p), and the thermomolecular pressure correction (where not negligible) in the following column as a percentage o ip . The fourth column gi (Pl) after the correction of column 3 has been applied. The fifth column shows the correction due to the creeping film A(p1 2), and the following column gives the pressure (p2) after applying this second correction; p 2 is the vapour pressure of the helium bath, and from it the tem perature of the bath has been obtained using the scale 1939. This is given in column 7 (T1939). The tem perature obtained from the calibration of the paramagnetic salt (T®) is shown in column 8, and in the last column the values of the differences T® -T 1939 are given. I t will be seen from the figures in columns 4, 5 and 6 th a t near 1°K the pressure difference caused by the evaporation of the creeping film is by no means small compared with the vapour pressure. At the lowest tem perature reached, the measured pressure was nearly 50 % higher th an the vapour pressure owing to this effect; it was obvious th a t such a correction could not be accurately estimated, and in the following experiments it was directly eliminated by an alteration in the experimental vessel.
The sample of manganese ammonium sulphate was the same as th a t used in the first experiment, but in a different experimental vessel. The new vessel had a larger tube (2-2 mm. bore) in order to eliminate the correction to the measured pressure for the creeping effect. The correction was now a t 1°, and this affects the vapour pressure (0-1 mm.) by less than 1 %. The correction was therefore neglected.
The calibration points were as follows:
The best straight line through these points was and this has been used to calculate the temperatures.
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The results are given, in table 2. The columns are as before, except th a t there is no correction to be applied for the creeping film effect.
The good agreement between these values and those of experiment 1 shows th at the correction applied there for the effect of the creeping film was substantially correct. The difference between the values of experiments 1 and 2 a t 1°K is only about 0-003°, or 3 % in p, whereas a t the lowest temperature attained in experiment 1 the correction for the creeping film effect amounted to 50 % of the vapour pressure.
B. Bleaney and R. A. Hull Experiment 3 In the third experiment an ellipsoid of * Analar ' potassium chrome alum of the same dimensions as before was used. The experimental vessel was th a t with the wide bore tube.
Since the susceptibility of this substance is only one-third th a t of m an ganese ammonium sulphate, correspondingly smaller deflexions were obtained. For this reason a current of about one ampere was used continu ously in the primary coil of the magnetic thermometer, which eventually heated the m utual inductance compensator and changed its value. This limited the number of observations th a t could be taken in this experiment. 
D is c u s s io n
The values of the difference T (magnetic) -T (scale 1939) given in the last columns of tables 1, 2 and 3 are shown graphically in figure 2. The difference between the scale 1937 and the scale 1939 below 1-6° is shown as a broken line; above this temperature the two scales coincide. The experi mental accuracy can be estimated as follows: the temperature was measured to 0-1 %; the pressure to 1 %, corresponding to 0-1 % in the temperature; the calibration of the magnetic thermometer for manganese ammonium sulphate should be accurate to 0-2 % (0-5 % for chrome alum). I t will be seen th at these figures are consistent with the scatter of the experimental points, which all lie between -0-002 and +0-005°.
The mean of the scattered points lies somewhat on the positive side, as woidd be expected if the susceptibility of the paramagnetic salts deviates at all from Curie's law at 1°. The magnitude of these deviations, which are due to interactions of the magnetic dipoles with each other and with the crystal line electric field, can be estimated from the calculations of Hebb and Purcell (1937) . One correction has already been made here for the mutual interaction of the dipoles, viz. the Lorentz correction. The mutual inter action has been more rigorously calculated by Van Vleck (1937) , whose 6-2 formula differs from the Lorentz formula by a second order term which is less than +0-001° for chrome alum, and equals +0-006° for manganese ammonium sulphate. The deviation due to the interaction with the crystal line field is +0-002° for chrome alum; the exact formulae have not been evaluated for the manganese salt, but since the anomalous specific heat due to this interaction is about twice as large as for chrome alum, the deviation is probably about + 0-004°.* The estimated deviations are together + 0-003°B . Bleaney and R. A. Hull discrepancy between these temperatures and scale 1937 is 0-029° a t 1° K, which is considerably greater than the corrections th a t have just been discussed. In view of the fundamental importance of a correct knowledge of the vapour pressure-temperature scale of helium, we regret very much th a t circumstances did not allow us to carry out more measurements as we had planned. Since the deviation from Curie's law for chrome alum is both small and accurately known, this is the most suitable salt, and the disadvantage of its small susceptibility could be overcome by increasing the number of turns on the m utual inductance coils by a factor three say, when the calibration could be made as accurately as for manganese ammonium sulphate in the present apparatus. Iron alum could also be used, for its susceptibility is not much smaller than th a t of manganese ammonium sulphate, and the deviations from Curie's law are known from the experi ments of K urti, Laine, Simon and Squire (unpublished).
We are indebted to Professor F. Simon, a t whose suggestion this experi ment was made, for many helpful discussions.
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